The theory that red blood cells (RBCs) generate and release nitric oxide (NO)-like bioactivity has gained considerable interest. However, it remains unclear whether it can be produced by endothelial NO synthase (eNOS), which is present in RBCs, and whether NO can escape scavenging by hemoglobin. The aim of this study was to test the hypothesis that arginase reciprocally controls NO formation in RBCs by competition with eNOS for their common substrate arginine and that RBC-derived NO is functionally active following arginase blockade. We show that rodent and human RBCs contain functional arginase 1 and that pharmacological inhibition of arginase increases export of eNOS-derived nitrogen oxides from RBCs under basal conditions. The functional importance was tested in an ex vivo model of myocardial ischemiareperfusion injury. Inhibitors of arginase significantly improved postischemic functional recovery in rat hearts if administered in whole blood or with RBCs in plasma. By contrast, arginase inhibition did not improve postischemic recovery when administered with buffer solution or plasma alone. The protective effect of arginase inhibition was lost in the presence of a NOS inhibitor. Moreover, hearts from eNOS −/− mice were protected when the arginase inhibitor was given with blood from wildtype donors. In contrast, when hearts from wild-type mice were given blood from eNOS −/− mice, the arginase inhibitor failed to protect against ischemia-reperfusion. These results strongly support the notion that RBCs contain functional eNOS and release NO-like bioactivity. This process is under tight control by arginase 1 and is of functional importance during ischemia-reperfusion.
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ischemia | reperfusion | infarction | erythrocyte N itric oxide (NO) is a biological messenger that is a key regulator of cardiovascular function by inducing vasodilation, inhibition of platelet aggregation, and leukocyte adhesion (1) . Reduced bioavailability of endothelium-derived NO is closely associated with development of several cardiovascular diseases including atherosclerosis, ischemia-reperfusion injury, and hypertension. The vascular effects of NO have traditionally been considered to be mediated by endothelium-derived NO after formation by the constitutively expressed endothelial NO synthase (eNOS). An alternative source of NO is nitrite that can be converted to NO in cardiac tissue during ischemia or hypoxia (2) (3) (4) . In 1996, Stamler and colleagues suggested a role for red blood cells (RBCs) in exporting NO bioactivity and regulating blood flow (5) . In this model, RBCs contain NO in the form of S-nitrosylated hemoglobin, which is in equilibrium with small nitrosothiols that are exported preferentially under deoxygenated conditions (5, 6) . RBCs thereby provide NO-based vasodilatory activity through S-nitrosothiols when deoxygenated. It was also suggested that the source of RBC NO is eNOS (5). However, it was assumed that eNOS was exclusively vascular in origin, and mechanisms regulating RBC formation and export of NO bioactivity have been a matter of significant debate over the years (7) . Another mechanism for NO generation by RBCs has been proposed in which deoxygenated hemoglobin converts inorganic nitrite to NO followed by export of NO bioactivity (8) . More recently, RBCs were shown to contain eNOS protein (9) (10) (11) (12) , but it remains controversial whether RBC eNOS is functional and whether significant amounts of NO is formed and exported as a result of eNOS activity partly because hemoglobin in the RBC effectively scavenges NO and, thereby, limits export and functional effect of NO (13, 14) .
Human RBCs also express the enzyme arginase (15) . Endothelial cell arginase has emerged as an important regulator of NO production by competing with eNOS for their common substrate L-arginine (16, 17) . Thus, increased arginase activity induced by reactive oxygen species, proinflammatory cytokines, and hypoxia may limit the pool of L-arginine available for NO production in endothelial cells (16) . Accordingly, inhibition of arginase increases endothelium-derived NO formation and improves endothelium-dependent vasodilatation in animal models and patients with coronary artery disease (17) (18) (19) . Furthermore, inhibition of arginase reduces myocardial infarct size in both a rat and pig model of coronary artery ligation and reperfusion in vivo (20, 21) . The effect of arginase inhibition was blocked by a NOS inhibitor and an NO scavenger, demonstrating that it was mediated via enhanced NO formation due to a shift in the metabolism of arginine from arginase to NOS.
The role of arginase in RBCs is unknown. We hypothesized that the high levels of arginase expressed under basal physiological conditions in RBCs regulates NO production. The present study was therefore designed to investigate the regulatory role of arginase on release of NO bioactivity from RBCs and the functional effect of this release by using an isolated heart model of ischemia-reperfusion known to be responsive to enhanced bioavailability of NO.
Significance
Nitric oxide from endothelial cells is important for regulating cardiovascular function. Recent data suggest that red blood cells are a source for nitric oxide. We examined the function of red blood cell nitric oxide and the regulation of its formation by the enzyme arginase. We show that red blood cells contain arginase that inhibits nitric oxide export. The function was tested in a heart model subjected to ischemia. The recovery of heart function after ischemia was improved following inhibition of red blood cell arginase. This effect depended on the specific protein producing nitric oxide. The results demonstrate an important function by red blood cells in regulating heart function during ischemia via nitric oxide production under tight control by arginase.
Results

Functionally Active Arginase 1 Is Expressed in Rodent and Human
RBCs. Earlier studies have detected arginase 1 expression in human RBCs, but the general notion is that this enzyme is lacking in rodents (15) . Using Western blot analysis, we demonstrate arginase 1 protein in RBCs from rats, mice, and humans (Fig.  1A) . In addition, arginase activity was detected in rat RBCs, and this activity was effectively inhibited by the arginase inhibitor N ω -hydroxy-nor-L-arginine (nor-NOHA; Fig. 1B ). In contrast, arginase 2 could not be detected in RBCs of the species tested but was present in renal tissue (Fig. 1A) as predicted from earlier studies (22) . To study RBC nitrogen oxide export, we incubated fresh washed RBCs from rodents and humans as well as human blood with different concentrations of nor-NOHA, and the extracellular accumulation of nitrate and nitrite was measured. Nor-NOHA caused a dose-dependent increase in nitrate as well as nitrite both in the presence and absence of L-arginine supplementation (Fig. 2) . The increase in nitrate induced by nor-NOHA was prevented by N ω -nitro-L-arginine methyl ester (L-NAME) (Fig.  2C) . To further study whether the nitrate accumulation was due to eNOS activity, we compared RBC nitrogen oxide export from eNOS −/− and wild-type mice. nor-NOHA induced an increase in nitrate in the RBC medium from wild-type mice but not from eNOS −/− mice (Fig. 2D) .
The Cardioprotective Effect of Arginase Inhibition Depends on RBCs.
An ex vivo myocardial ischemia-reperfusion injury model was used to test the functional effects of NO bioactivity exported from RBCs. Previous studies have shown that increase in NO bioavailability is highly protective during ischemia reperfusion (23) (24) (25) . The first set of experiments was performed by using vehicle and nor-NOHA (0.1-1 mM) in Krebs-Henseleit (KH) buffer. Administration of nor-NOHA in buffer at the onset of ischemia did not affect recovery of left ventricular developed pressure (LVDP) or left ventricular end-diastolic pressure (LVEDP) during reperfusion in comparison with vehicle ( Fig. 3 ).
In contrast, when nor-NOHA (1 mM) was administered in whole blood, significant improvements in the postischemic recovery of LVDP, the positive first derivative of LV pressure (dP/ dt), and coronary flow were observed (Fig. 4) . Furthermore, LVEDP during reperfusion was significantly lower in hearts given nor-NOHA in blood in comparison with those given vehicle in blood (Fig. 4) . Comparable improvement in improved postischemic LV systolic and diastolic function could be reproduced with another structurally unrelated arginase inhibitor, 2 (S)-amino-6-boronohexanoic acid (ABH; 1 mM), administered in blood (Fig. 5) .
To clarify the role of RBCs in the cardiac protection induced by arginase inhibition, buffy coat was removed, leaving RBCs and plasma as solvent for nor-NOHA. In the presence of RBC and plasma, nor-NOHA markedly enhanced LVDP and reduced LVEDP following ischemia (Fig. 6A) . By contrast, when nor-NOHA was dissolved in plasma alone (without RBCs), it failed to improve postischemic myocardial function in comparison with vehicle ( Fig. 6B ). Taken together, these observations clearly illustrate that the cardioprotective effect of arginase inhibition depends on the presence of RBCs.
Cardioprotective Effect of Arginase Inhibition Depends on eNOS.
Next, the involvement of NOS in the cardioprotective effect of nor-NOHA in blood was investigated by administration of L-NAME with blood. L-NAME alone did not affect postischemic functional recovery per se, but it abolished the improvement in LVDP and LVEDP induced by nor-NOHA ( investigate whether the cardioprotective effect of arginase inhibition involved the eNOS isoform, experiments were performed in eNOS +/+ and eNOS −/− mice. Nor-NOHA (1 mM) administered in blood from eNOS +/+ mice improved postischemic functional recovery in eNOS +/+ hearts (Fig. 8A) . Also, when nor-NOHA in eNOS +/+ blood was given to hearts from eNOS −/− mice, a significant improvement in LV function during recovery was observed (Fig. 8B) . By contrast, nor-NOHA in eNOS −/− blood failed to affect postischemic LV systolic or diastolic function in eNOS +/+ hearts in comparison with vehicle (Fig. 8C ). These experiments demonstrate the pivotal role of RBC eNOS in cardioprotection afforded by arginase inhibition.
Discussion
Here we show that RBCs are capable of generating and exporting NO bioactivity that exerts functional effect in a target tissue. The NO bioactivity is generated by a RBC eNOS whose activity is under strict control by arginase 1 that is expressed in both human and rodent RBCs. Inhibition of arginase activity in RBCs induces release of nitrogen oxides. Moreover, arginase inhibition protects from myocardial ischemia-reperfusion injury via a mechanism that depends on RBC-derived eNOS activity. These observations provide evidence for an important mechanism by which arginase 1 exerts a tonic inhibitory effect on NO production by eNOS in RBCs and demonstrate functional eNOS activity and NO export from RBCs.
Previous studies have demonstrated that RBCs contain NO and chemically related species, but the capability of these cells to export NO has been debated and the issue has remained controversial. Stamler and coworkers (5) originally suggested that RBCs can export NO bioactivity that contributes to the regulation of blood flow. Furthermore, RBCs may carry eNOS protein, but it has remained controversial whether the enzyme is functionally active and whether RBC-derived NO can escape the scavenging by hemoglobin (10, 11) . Because it is known that arginase is able to regulate NO production in endothelial cells by competition with eNOS for their common substrate, we tested the hypothesis that arginase regulates NO production in RBCs. We show that both rat and mouse RBCs express a functional arginase 1 protein and that inhibition of arginase results in export of nitrogen oxides and NO bioactivity from RBCs via an eNOS-dependent effect. Because RBCs were found to express only arginase 1, it can be concluded that this isoform is responsible for the functional effect of arginase in the present study. The tight control of eNOS by arginase may explain previous difficulties in demonstrating functional eNOS activity and NO export from RBCs.
The functional relevance of the arginase-regulated NO production in RBCs was evaluated in a model of myocardial ischemia-reperfusion. It is well documented that NO plays a key role in protection from ischemia-reperfusion injury (23) (24) (25) . Our data clearly show that RBCs were required for the protection induced by nor-NOHA because it was lost when administered in plasma or buffer. The cardioprotective effect of arginase inhibition in blood was blocked by L-NAME, demonstrating dependence on NOS activity. The crucial role of RBC eNOS was revealed in experiments using blood from eNOS-deficient mice given to wild-type recipient hearts. In these experiments, the cardioprotective effects of nor-NOHA were again abolished. In contrast, hearts from eNOS-deficient mice were protected if nor-NOHA was given with blood from wild-type mice. This latter example also illustrates that eNOS in cardiac tissue and blood vessels is not required for the protection. Taken together, these series of experiments provide strong functional evidence for eNOS-derived NO export from RBCs mediating protection from ischemia-reperfusion injury. Furthermore, this effect of RBC eNOS is tightly regulated by arginase.
In the present study, we did not attempt to address the exact mechanism for RBC nitrogen oxide generation, handling, and export. Thus, we cannot tell whether eNOS directly releases NO from the RBC or whether intermediates such as S-nitrosothiols (5) or nitrite (8) are formed inside the RBC and are transported between the RBC and the target tissue. Previous studies have demonstrated that S-nitrosothiols derived from RBCs induce coronary dilatation (26) , which may suggest a role of S-nitrosothiols. Nitrite may also be involved because it has been shown to be reduced to NO in the ischemic myocardium and to protect against ischemia-reperfusion injury (2, 4). Moreover, nitrite may form NO and S-nitrosothiols inside the RBC (8, 27, 28) . Whether S-nitrosothiols, nitrite, or free NO are involved in eNOS-derived cardioprotective effects of RBCs needs to be clarified in future studies. At this stage, our data demonstrate cardioprotective NO bioactivity from RBC eNOS, which is under strict control by Fig. 3 . Effect of vehicle (n = 9) and nor-NOHA (1 mM; n = 7) on recovery of LVDP and LVEDP. Isolated and Langendorff-perfused rat hearts were subjected to 25 min of global ischemia followed by 60 min of reperfusion. Vehicle or nor-NOHA was administered in KH buffer at the onset of ischemia. LVDP is expressed as the percentage recovery from preischemia and LVEDP in absolute pressure. Data are shown as mean ± SEM. There was no significant difference between the treatments (two-way ANOVA). arginase. The suggestion that NO, derived from a RBC eNOS, is able to exert important biological effects in adjacent cells is in line with recent observations. Thus, NO released from RBCs suppresses platelet activation and aggregation (11) and induces dilatation of mesenteric arteries (12) . Recently, it was further suggested that NO derived from RBC eNOS is involved in blood pressure regulation in vivo (29) . These observations clearly suggest that the increased NO production in RBCs may translate into tissue protective effects. Of additional importance is the fact that NO increases the deformability of RBCs, which is crucial for the adequate passage of RBCs through the microvasculature (11) . A remaining key question will be to further elucidate the importance of arginase as a regulator of RBC NO formation and export under normal physiological conditions. It is tempting to speculate that mechanisms exist in vivo for rapid dynamic control of arginase activity, NO export, and control of vascular function. It would also be of importance to evaluate the involvement of RBC arginase in regulation and control of NO export in cardiovascular disease including hypertension, atherosclerosis, and diabetes. Recent data demonstrate that arginase inhibition improves endothelial function in patients with coronary artery disease and diabetes (19) . However, it is unknown whether this vasculoprotective effect involves RBC arginase. The present findings are also of interest in the context of the observed association between blood transfusion and increased risk of myocardial infarction and mortality following myocardial infarction (30) . It is tempting to speculate that reduced RBC NO bioactivity and increased arginase activity in stored RBCs may contribute to this observation (31) (32) (33) .
Certain limitations with the present study deserve commenting. At this stage, we cannot entirely rule out the possibility that RBC eNOS controls the release of another factor unrelated to NO that, in turn, mediates the cardioprotective effects. However, our earlier in vivo studies demonstrating that the cardioprotective effects of arginase inhibition were abolished not only by a NOS inhibitor but also by coadministration of an NO scavenger (21) argues against such effect. It should also be emphasized that these data were obtained in an ex vivo model and any extrapolation to the in vivo situation should be done with some caution.
In conclusion, the present study demonstrates an essential role of arginase 1 in control of eNOS function in RBCs. Inhibition of arginase unravels an important functional effect of RBC-derived NO that mediates protection against myocardial ischemiareperfusion injury. These observations provide evidence for an important regulatory role of RBCs in control of vascular NO bioactivity with physiological and pathophysiological consequences in ischemia-reperfusion.
Materials and Methods
The study was approved by the regional ethical committee for animal experiments in Stockholm and conforms to the Guide for Care and Use of Laboratory Animals published by the National Institutes of Health (Publication 85-23, revised 1996). Wistar rats (10 wk old) were purchased from Charles River, and eNOS −/− mice and their wild-type controls (C57/6BL 12 wk old) were purchased from Jackson Laboratory.
Heart Isolation and Perfusion. Hearts were isolated from rats or mice and perfused in a Langendorff system as described (34, 35) . Briefly, the animals were anesthetized (i.p. in mice, i.m. in rats) with fentanyl (1 mg·kg −1 ) + fluanisone (Hypnorm; Janssen Pharmaceutica; 50 mg·kg −1 ) and midazolam (Dormicum; Hoffman-La Roche; 25 mg·kg −1 ). Heparin (250 IU) was injected i.p. in mice and i.v. in rats. The hearts were excised and placed in ice-cold buffer. The ascending aorta was cannulated, and retrogradely perfused with gassed (5% CO 2 in O 2 ) KH buffer (118.5 mM NaCl, 25.0 mM NaHCO 3 , 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 11.1 mM glucose, and 2.4 mM CaCl 2 ) at a constant pressure (55 mmHg and 75 mmHg for mouse and rat hearts, respectively) at 37°C. A balloon connected to a pressure transducer was inserted into the left ventricle through the left atrium for recording of isovolumetric LVDP, and its positive first derivative dP/dt and LVEDP. The balloon was adjusted to give a baseline LVEDP of 6 mmHg.
Experimental Protocol. After start of perfusion, all hearts were allowed to stabilize for at least 25 min, after which baseline parameters were registered. Global ischemia was induced by clamping the inflow tubing. The duration of global ischemia was 25 min for rat hearts and 45 min for mouse hearts. Reperfusion was initiated by releasing the clamp and was maintained for 60 min. At the start of ischemia, vehicle (KH buffer) or the arginase inhibitors nor-NOHA (0.1-1 mM; Bachem) or ABH (1 mM; kind gift from Corridor Pharmaceuticals) was injected into the coronary circulation via a sidearm in the perfusion system. The arginase inhibitors were initially dissolved in 0.9% NaCl and stored frozen until used in the experiments. In separate experiments, vehicle and nor-NOHA were diluted in KH buffer, whole blood, or RBCs + plasma before being administered to the hearts. ABH was administered in blood only. The NOS inhibitor L-NAME (0.1 mM; Sigma Aldrich) was diluted in blood 5 min before addition of nor-NOHA or KH buffer. All Vehicle and nor-NOHA were administered in RBC + plasma (n = 8; A) or plasma only (n = 7; B) at the onset of ischemia. LVDP is expressed as percentage recovery from preischemia and LVEDP in absolute pressure. Data are shown as mean ± SEM. Significant differences between treatments are shown (two-way ANOVA).
solutions were incubated at 37°C for 25 min and were administered in volumes of 3 mL to rat hearts and 0.4 mL to mouse hearts.
Blood Sampling and Isolation of Blood Components. Whole blood was collected from the thoracic cavity after removal of the heart used in the experiment. In experiments using eNOS +/+ and eNOS −/− mice, one heart from each genotype was used in parallel experiments by using blood from the opposite genotype. Blood components were separated by immediate centrifugation at 2,000 × g for 10 min at +4°C. RBCs + plasma was obtained by removing the buffy coat including some plasma and top part of RBC layer after which the remaining RBCs and plasma were gently mixed. Plasma was obtained by collection after centrifugation. RBCs were obtained by discarding the buffy coat and plasma. Successful removal of white blood cells (>99%) and platelets (≥98%) was verified by differential cell counting. RBCs were either used immediately or stored frozen at −80°C for determination of arginase protein expression and activity.
In separate experiments, RBCs were isolated from healthy volunteers (men age 45 ± 4 y) and anesthetized mice. Heparinized blood (20 mL of human, 1 mL of mouse) were centrifuged at 2,000 × g (human) or 500 × g (mouse) and +4°C for 5 min. The RBCs were washed three times with 2 volumes of nitrite/nitrate-free KH buffer containing 3 mM L-arginine. After the washing step, the same volume of L-arginine-containing KH buffer was added to the RBCs and gently mixed and incubated with nor-NOHA (0.1-1 mM) at 37°C for 30 min. The samples were then centrifuged at 2,000 × g and 4°C for 10 min and the supernatants were stored at -80°C until analyzed.
Additional blood from healthy volunteers (men age 40 ± 3 y) was diluted (1:5) in nitrite/nitrate-free PBS. The diluted blood from each donor was treated with PBS (vehicle), nor-NOHA (3 mM), or L-NAME (3 mM) + nor-NOHA. The treated blood samples were harvested at 0 (baseline) and 30 min. The samples were centrifuged at 800 × g and 4°C for 30 min, and the supernatants were stored at −80°C until analyzed. The changes in nitrate concentrations from baseline to the 30-min time point were determined.
Western Blot. RBCs from mice and rats were lysed by using RIPA lysis buffer (Amresco) containing protease inhibitors (Roche). The protocol of Western blot was described (20, 36) . Briefly, proteins were separated by 12% SDS/ PAGE, transferred to nitrocellulose membrane, and blocked in 5% nonfat dried milk for 2 h at room temperature. Membranes were incubated overnight at 4°C by using rabbit anti-arginase 1 (1:2,000; HPA003595, Atlas, Sigma). Membranes were then washed in Tris-buffered saline with 0.1% Tween 20 and incubated with IRDye 800-conjugated goat anti-rabbit IgG (1:15,000; LI-COR Biosciences), and imunoreactive bands were visualized by using infrared fluorescence (IR-Odyssey scanner; LI-COR Biosciences).
Arginase Activity. Rat RBCs were lysed by using fresh 1 mM EDTA, Trion X-100 (0.1%, MERCK, Darmstadt, Gemany) and protease inhibitors (Roche) in PBS. Arginase activity was determined as described in detail (20, 37) . Each sample was incubated at 37°C for 1 h with either L-arginine (50 mM Tris·HCl at pH 9.7) + vehicle, L-arginine + ABH (0.1 mM; Enzo Clinical Labs) or with L-arginine + nor-NOHA (1 mM). The concentration of the end product urea was determined by using spectrophotometry. The inhibition induced by arginase inhibitor was calculated as the difference between the urea production from vehicle-treated and inhibitor-treated samples.
Nitrate Determination. Nitrate and nitrite were measured with a dedicated HPLCy (HPLC) system (ENO-20; EiCom) as described (38) .
Calculations and Statistics. LVDP and dP/dt during reperfusion are expressed in percentage of the preischemic values. LVEDP is expressed in absolute values. The differences in functional cardiac parameters were analyzed by two-way ANOVA. Differences in nitrate/nitrite production were analyzed by one-way ANOVA. Differences in arginase activity were analyzed by Student's t test. All statistical analysis was calculated by using GraphPad Prism (V5.01). Fig. 7 . Effect of the nitric oxide synthase inhibitor L-NAME on cardioprotection induced by arginase inhibition in rat hearts. Recovery of LVDP and LVEDP during reperfusion is shown. L-NAME (0.1 mM) or vehicle was added in blood 5 min before nor-NOHA (1 mM) or vehicle and administered at the onset of ischemia. Data are shown as mean ± SEM (n = 6-16). Significance denotes difference between the group given nor-NOHA + vehicle and the other groups (two-way ANOVA). 
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